INTRODUCTION
The success of individual plants often depends on the density or identity of other plants within a restricted 'neighbourhood' surrounding the individual (Mack & Harper 1977; Weiner 1982 Weiner , 1984 . Neighbourhood interactions affect a range of plant responses including seedling establishment, individual growth and survival (Harper 1964 (Harper , 1977 Silander & Pacala 1985) . Local disturbances can greatly alter neighbourhoods and thereby influence the kinds, numbers and spatial distributions of microsites where propagules may establish (e.g. Platt 1975; Denslow 1980) . Disturbances can, therefore, influence population and community trends, by determining which species can colonize new sites or hold existing sites.
In this paper, 'disturbance' refers to any discrete event that releases space or the resources available to plants, by damaging or removing whole plants or their parts. Although there is at present no general agreement on what constitutes a disturbance in ecology, this usage is consistent with recent attempts at a synthesis of disturbance effects (e.g. Sousa 1984; Pickett & White 1985) . In a community dominated by perennial and annual grasses, the effects of three important types of naturally occurring disturbances were examined: canopy gaps caused by the death of individual bunchgrasses, gopher mounds, and grazing by wild grazers.
The grassland, which experiences a mediterranean climate, is at Sea Ranch (38?40'N, 123?24'W) , on the north coast of California, U.S.A. Sheep were removed from the study area in 1968, and post-grazing succession has resulted in an increase in the relative cover of perennial grasses (Foin & Hektner 1986 ). The most cover-dominant species are Anthoxanthum odoratum L., Holcus lanatus L., Deschampsia holciformis Presl. and Rytidospermapilosum (R. Br.) Connor et Edgar. The annual grass, Vulpia bromoides S.F. Gray, is the next most abundant species. For brevity, I will refer to these grasses by their generic names only. Because these species all have very patchy distributions, the grassland can be divided into four distinctly different patch types. A 'patch' is an area with recognizable boundaries that is dominated (>85% cover) by one of three perennial species, Anthoxanthum, Holcus or Deschampsia (referred to as perennial patches), or by Vulpia and other annuals in association with Rytidosperma (referred to as annual patches). The term 'resident species' will be used for the cover dominant in each patch, and the term 'introduced species' for the species whose colonization success is being measured in an experiment. Patch sizes range from that of an individual bunchgrass (up to 30 cm foliage diameter) to about 500 m2. Mean cover of bare ground in typical vegetation is 7% in annual patches, and less than 2% in perennial-dominated patches (Peart 1989a) . No undestorey is present in perennial-dominated vegetation, with the exception of Rytidosperma, which may occur as scattered individuals with well-developed root systems and extremely sparse foliage, less than 10 cm tall, and shaded by the 60-cm tall perennial canopy. Over three years of field work, forty-three of forty-five sightings of grazing deer and eight of eight sightings of grazing jackrabbits were in annual patches. The presence of meadow voles was indicated by runways, which were much more abundant in annualthan in perennial-dominated vegetation, although this difference was not quantified. Grasshoppers were occasionally abundant in the annual patches, reaching a maximum density of about 4 m2 (rough estimate based on counts in 28 m2 over three separate days of high abundance). Gophers occur only in the annual patches. Peart (1989a) reported the spatial pattern of seed rain and recruitment in this community, and included a detailed description of the study site.
Available evidence indicates that many species in grassland communities require openings in the canopy for germination and establishment (e.g. Sagar & Harper 1961; Putwain 1970; King 1975; Fenner 1978; Gross & Werner 1982) . This study assesses the importance of disturbance for establishment of the five most cover-dominant grass species by comparing their 'colonization success' at natural seed densities, under natural conditions in the field. Colonization success refers to species' survival, growth and reproduction in sites reached by their seeds. Peart (1989b) found that there was little potential for colonization in undisturbed perennial canopies, but that Anthoxanthum and Holcus could colonize sites dominated by annuals. However, natural disturbances could act to maintain annuals, or colonizing species of perennials, in the community as succession proceeds. Whichever species may be favoured, it was considered likely that disturbances would strongly affect colonization success, because most of the grassland consists of closed canopy.
The overall goal was to evaluate the importance of colonization of disturbed sites in successional change. The following specific questions were addressed: (i) How does the formation of a canopy gap affect the absolute and relative colonization success of species? (ii) Does the effect of a canopy gap on colonization in a patch depend on the species that dominates the patch (i.e. the species of gap-former?). (iii) What are the effects of soil disturbance by gophers on species' colonization success in annual patches? (iv) How do the activities of wild grazers influence colonization by Anthoxanthum (the most abundant and most rapidly increasing species), first in annual patches and second in the patches dominated by Anthoxanthum? (vi) Is the success of the best colonizers of disturbed sites attributable to high density of seed input or to intrinsic (per-seed) colonizing ability? (vi) What proportion of the area in each patch type is affected by bunchgrass mortality and gopher mounds? (vii) How can information on colonization success be used to predict changes in dominance during succession?
METHODS
Four experiments were conducted to answer the above questions. In the 'canopy-gap experiment', colonization success was measured in sites where an individual bunchgrass of the resident perennial species had been killed, leaving a canopy gap and standing dead vegetation. In the 'gopher-mound experiment', colonization success was measured in sites where soil had been disturbed by gophers. In the 'grazer-exclusion experiment', the effects of wild grazers on the vegetation of annual patches, and on the colonization of annual patches by Anthoxanthum, were measured. In each of these three experiments, seeds were introduced into quadrats and colonization success compared among species. Finally, in a clipping experiment that simulated some of the effects of heavy grazing, responses to the removal of aboveground biomass were compared among the four patch types.
Because the species examined differ substantially in the densities of seed rain that they produce, the density of input of potentially colonizing seeds to disturbed sites in the field also differs substantially among species. Density-dependent effects of seed input on colonization success cannot be predicted a priori, so the most direct conclusions about the role of disturbance in actual community dynamics require experiments using natural seed densities. Colonization success in such experiments then depends, as it does under natural conditions, on both the density of seed input and the colonizing abilities of the seeds and seedlings. In the experiment reported here, seeds were introduced at the following natural densities (number m-2): Anthoxanthum 38 872, Holcus 49 768, Deschampsia 4424, Rytidosperma 7484 and Vulpia 21 668 (Peart 1989b) . These were estimates of the highest natural densities of seed rain that each species could produce in an adjacent patch dominated by a second species. The estimates were based on extensive measurements of the seed rain in the four patch types.
Natural seed fall was not excluded from the quadrats where seeds were sown. The densities of seeds introduced were adjusted, where necessary, to take account of any natural seed input of the species introduced. The five species of this study all have very limited dispersal, with few seeds travelling more than a few metres from the parent (Peart 1982) . If there were any individuals of the introduced species within dispersal distance of the quadrats where seeds were introduced, their contributions to seed fall in the quadrats were estimated. This was done by measuring their fecundities and their distances from the quadrats, and applying empirically derived relationships between seed-fall density and the distance and direction from the parent plant (Peart 1982) . The densities for introductions were then reduced accordingly, but in no quadrat was more than a 5% reduction necessary.
Colonization was tested in several, paired combinations of species introduced and patch type (Table 1) . Most of these combinations involved introduction of seeds of a species into the interiors of patches dominated by other species, thus removing the dispersal limitations that normally control the access of seeds to disturbed sites (Peart 1989a) . To evaluate colonization by resident species, in disturbed sites within the patches they dominate, it is appropriate to use the natural seed rain; accordingly, no seeds were introduced for those combinations. The densities of seed fall of resident species in the patches they dominate were (mean number m-2+ 1 S.E.): Anthoxanthum 64 285+2331, Ho/cus 82 389 + 3513, Deschampsia 5290 + 3513, Rytidosperma 2263 + 340 and Vulpia 29 781 + 2769 (Peart 1989a ).
Peart (1 989b) found that colonization under undisturbed canopies was not significantly different between the two typical biomass patches examined in each patch type. In this study, one of those two patches in each type was chosen at random, to use in the canopygap, gopher-mound and grazer-exclusion experiments. ? Results not available, data lost. C indicates combinations used in the canop-gap experiment. M and G indicate combinations in the gopher-mound and grazer-exclusion experiments, respectively. For the resident species (indicated by*), no seeds were introduced; seed input was from the natural seed rain. All treatments were done in 1980, except one (t) done only in 1981. One treatment (t) was done in both 1980 and 1981. Canopy-gap experiment Plants that had died naturally were not used, as this would have precluded adequate size standardization and replication within patches. To create canopy gaps, individual bunchgrasses of the resident species were killed with a low-persistence glyphosate herbicide (Roundup?T, Monsanto Co., St Louis, Missouri), diluted to 10% and applied directly to the leaves with a sponge. For each resident species that was herbicide-treated, there were five replicate 50 cm x 50 cm quadrats for each species introduced, and five 'control' quadrats where plants were treated with herbicide but no seeds introduced. Several combinations of resident and introduced species were chosen (Table 1) as those a priori most likely to be important for the successional dynamics of the community. First, all combinations involving Anthoxanthum, both as a resident species and as an introduced species, were included, because it is the most abundant species, accounting for 43% of relative cover in 1980 (Peart 1989a ) and increasing (Foin & Hektner 1986 ). Thus, Anthoxanthum dominates a large proportion of sites, and its seeds are widely available as potential colonists. Second, to maintain existing patches, the locally dominant species must be able to colonize canopy gaps when canopy individuals of their own species die. To evaluate this, colonization of all resident species was tested in their respective patch types. All of the above combinations were tested in 1980. An additional treatment of Holcus introductions into annual-dominated vegetation where Rytidosperma had been herbicide treated, was added in 1981. This was done because the experiments in progress with Holcus introductions indicated that this species would be important in succession, and because annual patches are an important cover-type in the grassland, second only to Anthoxanthum-dominated patches in extent (Peart 1989a) . Another combination was repeated in 1982: Anthoxanthum seeds were introduced a second time into Rytidosperma canopy gaps in annual-dominated vegetation (in different quadrats from the 1981 introductions). This repeated introduction provided some information on the effect of year of introduction on colonization success, and served as a comparison for the Holcus introductions in 1982.
Quadrats, 50 cm x 50 cm were chosen in each patch to be representative of the undisturbed vegetation, and divided into five blocks according to their locations within the patch. Quadrats were randomly allocated to controls and treatments. In each block there was one quadrat for the control and one for each species introduced. From the centre of each quadrat the nearest individual of the resident dominant perennial species, with basal diameter equal to or greater than 6 cm, was permanently marked with a metal stake, and its basal and foliage diameters measured. All quadrats were then relocated with their centres on the marked plants.
Seeds were collected in the summer of 1980 and spread evenly over the quadrats at the appropriate densities. Herbicide was applied to the marked plants early in the autumn of 1980, after the end of natural seed fall and two weeks after seeds had been introduced. The treated plants died shortly before seed germination occurred. The herbicide is taken up by photosynthesizing leaves and translocated to the roots. A separate experiment showed that there was no effect of the herbicide on seedlings growing near treated plants. In a roadside area where seedlings were abundant, ten Anthoxanthum individuals were chosen to be of approximately equal sizes (between 6 cm and 7 cm in bunch diameter), and divided into five pairs of nearby individuals. One of each pair was randomly chosen for herbicide treatment. Herbicide was applied at the same time as the plants in the main experiment were treated. The numbers of seedlings within 15 cm of the bases of the plants were recorded before treatment and three weeks after. All treated plants died during this period, but there was no significant difference (by a paired t-test) in the mortality of seedlings near treated vs. untreated plants.
At the end of the 1981 growing season, colonization success for the 1980 introductions was measured in the central 15 cm x 15 cm area in each quadrat, as the number of individuals surviving, and the leaf area and seed production of each survivor. In 1982, second-year colonization success was scored for the 1980 introductions by measuring total seed production in the quadrats. For the 1981 introductions, number of survivors, leaf area and seed production were measured in 1982. Second-year colonization success was not measured for the 1981 introductions. Percentage cover of all species was estimated visually in the experimental quadrats at the end of the growing season before introductions (in 1980), in 1981 and in 1982 , with the aid of a 15 cm x 15 cm quadrat frame divided by wires into nine equal parts.
To estimate the proportion of area in canopy gaps in each vegetation type, belttransects 1-5 m wide and with total length 51-65 m were randomly placed, without overlap, in one patch of each type. Early in the 1981 growing season, the diameters of canopy gaps were measured for standing dead individuals whose centres fell within the belt, and the area of each gap calculated assuming a circular shape. Only recently dead individuals, forming well-defined canopy gaps, were included.
Gopher-mound experiment
Seeds of Anthoxanthum, Holcus and Deschampsia were introduced, at the same natural densities as in the canopy-gap experiment, onto gopher mounds in a typical annual patch. Seeds of Rytidosperma and Vulpia, the resident species in annual patches, were allowed to fall naturally on the mounds. The mounds chosen for the experiment were recently formed, as indicated by freshly exposed soil and the absence of seedling establishment. All mounds were discrete, and ranged in size from 16 cm to 27 cm (minimum diameters) and from 17 cm to 32 cm (maximum diameters). Maximum relief of a mound varied from 3 cm to 6 cm. Mounds were permanently marked, and blocked according to size, so that the range of maximum or minimum diameters was no more than 5 cm within any block. There were five replicates for each treatment, and treatments and controls were randomly allocated within blocks. Seeds were introduced, as in the canopy-gap experiment, in 50 cm x 50 cm quadrats, one centred on each mound. Results were scored as in the canopy-gap experiment, inside the central 15 cm x 15 cm area in each quadrat. The percentage of the area that was covered by recently formed gopher mounds was measured in the annual patch where the gopher-mound experiment was done. The maximum and minimum diameters were measured for each mound in the patch, and areas calculated assuming an elliptical shape.
Grazer-exclusion experiment
Because the activities of wild grazers were concentrated in annual patches, it was likely that any effects of grazing on colonization would be most important in the annualdominated vegetation. The main purpose of this experiment was to determine whether the effects of grazers (whether by direct feeding or physical disturbance) may influence the colonization success of the perennial species that can colonize sites in annual patches. Peart (1989b) showed that both Anthoxanthum and Holcus could establish in annual patches, but that Anthoxanthum was the most effective colonist. Because Anthoxanthum is much more abundant than Holcus, its seeds are more readily available to colonize sites near the borders of the annual patches. Seed introductions in this experiment were limited to Anthoxanthum seeds introduced into annual patch vegetation. However, the effects of grazers on Anthoxanthum colonization were scored both in the annual-dominated patch where the seeds were introduced (the same patch used in the gopher-mound experiment), and in a typical Anthoxanthum-dominated patch (the same patch used in the canopy-gap experiment). Anthoxanthum seeds were allowed to fall naturally in the Anthoxanthumdominated patch. Seeds were introduced in the annual-dominated patch at the same natural densities used in the canopy-gap and gopher-mound experiments.
Quadrats, 1 m2, were chosen to be representative of the undisturbed vegetation in each patch, and three replicates allocated randomly to each of three groups; cages only, cages with introductions (annual patch only), and unmanipulated controls. Thus, there were six cages in the annual-dominated patch (three with and three without introductions) and three cages (without introductions) in the Anthoxanthum patch. There were eight control quadrats in both the annual-dominated patch and the Anthoxanthum patch. The exclusion cages were 1 10 cm x 1 10 cm at the base and 90 cm tall, and were made of 2-cm mesh fine-gauge aviary netting on the sides and top, supported by wooden stakes at the corners. A band of 1-cm mesh hardware cloth encircled the bases, extending 3 cm below ground level and 16 cm above. Baited traps were placed in each cage to capture any voles that were initially present, or that later dispersed inside. Captured voles were released outside the cages.
The cages effectively eliminated deer, jackrabbits, voles, birds and probably grasshoppers. No grasshoppers were ever observed inside the exclosures. When nearby grasshoppers were disturbed and took flight toward the cages, all were repelled by the mesh. The effects of grazers inside the cages were, therefore, greatly reduced or eliminated. Light was not measurably reduced under the mesh (see below).
Anthoxanthum colonization was measured in 1981, at the end of the first growing season after seed introductions, in caged and uncaged quadrats. Colonization was scored, as in the canopy-gap and gopher-mound experiments, as number of survivors, seed production and total leaf area and percentage cover in quadrats. In all cages and quadrats, measurements were taken within the central 50 cm x 50 cm area. In the annualdominated patch, heights of annual seedlings were measured early in the first growing season after the cages were placed, inside each of the three cages without introduced seed, and in three uncaged quadrats, randomly chosen from the eight controls. The five seedlings nearest to each of five randomly chosen points were measured in each cage or quadrat. From the three caged areas where no seeds were introduced, and from the three uncaged control quadrats, the central 50 cm x 50 cm area was then harvested for aboveground biomass. In the Anthoxanthum-dominated patch, above-ground biomass was harvested in the same way. Harvested material was dried for twenty-four hours at 80 ?C in a forced-air oven and weighed.
Clipping experiment Vegetation was clipped to ground level at the end of the 1980 growing season, in three randomly chosen 50 cm x 50 cm quadrats in each of twelve patches (three patches from each of the four patch types). The number of seed heads was measured in each quadrat immediately before clipping. The response of the suppressed Rytidosperma understorey, that was present in some quadrats in Anthoxanthum-and Holcus-dominated patches, was of special interest in this experiment. Rytidosperma was present in the understorey in one Anthoxanthum patch and one Holcus patch, but was absent from the canopy in all patches where vegetation was clipped. The highest relative cover of Rytidosperma understorey (mean 3 0% over the three quadrats), was in the Anthoxanthum patch. Results were scored for this Anthoxanthum patch, and in one annual patch randomly chosen from the three, by counting all seed heads produced in the clipped quadrats at the end of the 1981 growing season, one year after clipping. Thus, the response of Rytidosperma to clipping could be compared in vegetation where it was a canopy-dominant and where it occurred as a suppressed understorey. Also, its response in the understorey could be compared to the response of the canopy dominant, Anthoxanthum. Because of the volume of fieldwork, only qualitative results could be recorded in the remaining clipped quadrats: one year after clipping, the densities of seed heads in the cut quadrats were ranked visually as being much less than, much greater than, or about equal to those in the surrounding uncut vegetation.
Light penetration Photosynthetically active radiation (PAR) was measured, early in the growing season, in all types of undisturbed and disturbed sites, using a Li-cor photometer and quantum sensor. In each patch type, measurements were made in undisturbed vegetation, at five randomly chosen locations in each of five randomly chosen quadrats. Readings were taken 2 cm above ground level, to be representative of the conditions experienced by seeds and young seedlings. In annual patches, measurements were made both under annual vegetation and under Rytidosperma canopies. In canopy gaps, the same procedure was followed, with the same replication, except that all measurements were in 15 cm x 15 cm areas centred on plants randomly chosen from those that had been treated with herbicide the previous summer. On gopher mounds, readings were taken on the soil surface at five randomly located points on each of five randomly chosen mounds.
Statistical analyses
Measures of colonization success, obtained from seed-introduction experiments at natural densities, are directly relevant to predicting actual changes in dominance that may occur in localized disturbances to the canopy, for example when gopher mounds are formed, or when bunchgrasses die. Therefore, the canopy-gap and gopher-mound experiments were first analysed using the colonization success data as actually recorded in the quadrats, without adjustment for the different densities of seed input. However, colonization success could then differ among species because of different per-seed colonizing abilities, different densities of seed input, or both. To see whether seed densities or intrinsic, per-seed colonizing abilities were more important in the outcomes observed, a second comparison among species was made, by scaling all measures of colonization success to a common seed input density of 10 000 seeds 0 25 m-2. The scaling in the second comparison immediately raises the question of whether density-dependent interactions influence per-seed colonization success. This question is dealt with below.
To allow comparisons of colonization success among experiments, all results from the canopy-gap, gopher-mound and grazer-exclusion experiments are reported on the same areal basis (0 25 m2). This was the quadrat size in the grazer-exclusion experiment and in experiments in undisturbed canopies (Peart 1989b ). Data were log-transformed to homogenize variances. Tukey's multiple-comparison test was applied among means where the analyses of variance (ANOVAS) were significant. The SAS computer programs (Statistical Analysis Institute 1986) were used for all tests.
RESULTS

Canopy-gap experiment
The proportion of area occupied by disturbed sites was less than 4% in all cases. Standing dead individuals accounted for 3-2% of area in Anthoxanthum patches, 1 2% in Deschampsia patches, 0-4% in Holcus patches and 01 % in annual patches. In annual patches, all standing dead perennials were Rytidosperma. Of the herbicide-treated plants, the basal diameters were similar among species, except for Anthoxanthum plants, which were smaller than those of other species (Table 2 ). Foliage diameters of Anthoxanthum and Rytidosperma were less than those of Holcus and Deschampsia. In all combinations of introduced species and vegetation type, colonization was dominated by the introduced species, the resident species, or both. Colonists of other species were absent or rare in perennial-dominated patches (D. R. Peart, unpublished data). Only in the annual patches was there substantial colonization by species other than the five studied. In each of the following analyses, the results of the 1980 introductions will be considered first, and then compared with the 1981 introductions.
Comparisons among species of colonization success within patch types
The unscaled measures of colonization success were compared among species in each patch-type by one-way ANOVA (Table 3a) . Colonists of Anthoxanthum and Holcus were significantly more numerous than those of Rytidosperma or Deschampsia in each patch type. Anthoxanthum and Holcus individuals also produced seeds by the end of the second year in almost all treatments, and in some cases did so in the first year, but Rytidosperma and Deschampsia did not reproduce in any patch type. The total leaf area per quadrat of Anthoxanthum and Holcus was 20-5000 times that of Rytidosperma or Deschampsia in the same patch types. Colonizing individuals of Anthoxanthum and Holcus were always significantly larger (two to twelve times the leaf area) than those of Rytidosperma or Deschampsia. Holcus colonization success in Anthoxanthum gaps was remarkable, being much greater than that of Anthoxanthum in Anthoxanthum gaps. In sites where Anthoxanthum individuals had been killed, the annual, Vulpia, produced abundant seed in the first growing season. However, the progeny of the introduced population produced few seeds in the second year (Table 3a) .
The measures of colonization success per quadrat (numbers of survivors, total leaf area and seed production), were scaled to a common density of 10 000 introduced seeds, to obtain the values in Table 3b . Mean natural seed-rain densities were used to scale the colonization success of resident species. The scaled measures were then compared among species within each patch type. Leaf areas of individual colonists were not scaled, as they were already a per-individual measure of colonization success. Because post-dispersal seed removal rates by potential predators were uniformly low for these species (Peart 1989a) , and there was no evidence for an influence of grazing on colonization (this study), it is unlikely that the activities of natural enemies caused density-dependent effects in these experiments. Density-dependent interactions were likely to be competitive and negative in their effects, and such interactions amongst colonists probably occurred in some of the introductions. The percentage cover of colonists in the canopy gaps after one year of growth ranged from < 1, for Rytidosperma and Deschampsia introductions, to 55 for Holcus introduced into Anthoxanthum canopy gaps. After two years, the percentage cover values ranged from < 1, for Rytidosperma and Deschampsia introductions, to 100 for Holcus introduced into Anthoxanthum canopy gaps. For the most successful colonists, Anthoxanthum and Holcus, per-seed colonization success could have been reduced by density-dependent interactions at the densities of seed applied. Thus, the values in Table 3b probably underestimate the per-seed colonizing abilities of these species (and also Vulpia in the first year) relative to the poorer colonists, Deschampsia and Rytidosperma. In general, any bias resulting from the scaling would tend to make it more difficult to show differences between the good and the poor colonizers.
However, when the comparisons among species, within patch type, were repeated using scaled data, the results led to the same conclusions as for the unscaled data. When adjusted for seed density, Holcus and Anthoxanthum colonization success per quadrat were still much greater than that of Rytidosperma and Deschampsia (Table 3b) . Furthermore, Hoclus and Anthoxanthum recruits were larger than those of Rytidosperma or Deschampsia in all patch types (Table 3) . Therefore, the most effective colonizers had greater intrinsic, per-seed colonizing abilities than the poorer colonizers, as well as higher seed inputs.
For the 1981 introductions, there were no significant differences between Anthoxanthum and Holcus in number of survivors, leaf area per quadrat, or seed production in Rytidosperma gaps, whether data were scaled or not. However, individual Holcus recruits were significantly larger than those of Anthoxanthum in the 1981 introductions (Table 3a) .
Effects of vegetation type on colonization success of a single species
In comparing the colonization success of a single species of colonist, among vegetation types, the density of introduced seed was constant, except where colonization was measured for the resident species (Table 3) . By using the scaled data of Table 3b , this difference is accounted for, with the caveat that per-seed colonization success of the resident species may have been underestimated, if colonists of the resident species experienced crowding. The following comparisons (except for individual size) were made on the scaled data. All measures of Anthoxanthum colonization success differed significantly among patch types: number of survivors, F3,14= 11-7, P<0001; individual size, F3,304= 166, P<0001; leaf area per quadrat, F3,14=7 13, P<0 005; first-year seed production, F3,14=3 59, P<0 05; second-year seed production, F3,14= 693, P < 0005. Although Anthoxanthum recruits were most numerous and produced the greatest leaf area per quadrat in Deschampsia gaps, two years were required for seed production, whereas Anthoxanthum produced seeds in the first year in Anthoxanthum and Rytidosperma gaps. This difference in seed production persisted in the second year of growth, when Anthoxanthum produced most seeds in Rytidosperma gaps. Thus, the factors influencing reproductive allocation and output in the gaps apparently differ from those affecting survival and vegetative growth.
Holcus colonization also differed significantly between patch types, having much higher colonization success, by all measures, in Anthoxanthum gaps than in Holcus gaps. For example, Holcus leaf area 0-25 m-2 was 1000 times higher in Anthoxanthum gaps than in Holcus gaps. In the first year of growth, Holcus individuals reached the upper canopy, and completely filled the gap left by the dead Anthoxanthum individuals. These new canopydominant Holcus plants, within the Anthoxanthum patch, produced abundant seed in the first and second years of growth. There were no significant effects of patch type on Rytidosperma and Deschampsia colonization; their colonization success was consistently low.
For both Anthoxanthum and Holcus, the effects of size of the herbicide-treated plant on colonization success were analysed by analysis of co-variance, using vegetation type as the class variable and either basal diameter or foliage diameter of the herbicide-treated plant as the co-variate. No significant effects of basal diameter or foliage diameter were found, for any measure of colonization success, whether scaled or unscaled data were used.
The effects of Rytidosperma canopy gaps on Anthoxanthum colonization in the 1981 introductions were not significantly different from those in the 1980 introductions, in terms of leaf area per quadrat (t = 1 1, d.f. = 8, P > 0-03) and first-year seed production (t=0-7, d.f. = 8, P> 004), but survivors of the 1981 introductions were fewer (t=4-4, d.f. = 8, P < 0-005) and larger (t = 3-6, d.f. = 108, P < 0-001) than in 1980. Scaling had a minimal effect on the analysis of the effects of patch type on colonization success. The results of ANOVA and t-tests were identical when the tests were re-run on unscaled data. Only in one out of twenty-five multiple-comparison tests was a ranking slightly altered, and none of the results stated above was affected.
Gopher-mound experiment
Gopher mounds occupied 2-5% of the area in annual-patch vegetation. As in the canopy-gap experiment, colonization success of species was compared both with and without scaling of data to a common density of 10 000 seeds 0-25 m-2. First, for the unscaled data, species differed significantly in all measures of colonization success on gopher mounds (Table 4a ). Vulpia colonized mounds well, producing significantly more seeds than any of the perennials in the first year. Anthoxanthum and Holcus had significantly more and larger survivors, greater leaf area and higher seed production than either Deschampsia or Rytidosperma. Anthoxanthum and Holcus colonists produced seed in the first and second years of growth, while Deschampsia and Rytidosperma failed to reproduce in either year. Total leaf areas of Anthoxanthum and Holcus were more than an order of magnitude higher than those of Deschampsia or Rytidosperma. After one year of growth, Anthoxanthum and Holcus were similar in numbers of survivors and total leaf area, although Anthoxanthum individuals were significantly larger. Holcus had significantly higher seed production than Anthoxanthum in the first year, but in the second year seed production of Holcus was only about 2% of that of Anthoxanthum, and in three of the five quadrats where Holcus seed was introduced there were no survivors after two years.
As for the canopy-gap experiment, negative density-dependent interactions among colonists were most likely for the species with the greatest colonization success and, again, these were the species with the highest densities of seed input. However, the cover of the TABLE 4. Colonization success (means+ 1 S.E.) of five dominant grass species introduced as seeds on gopher mounds in annual-dominated vegetation in a grassland at Sea Ranch, California. Values in (a) are unscaled; those in (b) are scaled to a common density of seed input (10 000 seeds 0-25 m-2). n = five mounds for each treatment. For non-resident species, seed input is the density of seeds introduced; for resident species, seed input was from the natural rain, shown as mean + 1 S.E. Within each column the same symbol indicates values of colonization success not significantly different from one another. Analyses are separate in (a) and (b). Leaf area and number of survivors were measured after one growing season. Release ratio for perennials is the ratio of colonization success (leaf area 025m-2) in the gopher-mound experiment to that measured in corresponding introductions in undisturbed canopies (Peart 1989b successful colonists was generally less than in the canopy-gap experiment. Percentage cover of the colonists on mounds was < 1 in both the first and second years of growth for Rytidosperma and Deschampsia. Of the perennials, the highest cover was for Anthoxanthum in the second year of growth (mean = 12%). Vulpia had the highest cover in the first year (mean =38%) and in the second year (mean= 26%).
Comparisons among the three most successful colonists of gopher mounds, Vulpia, Anthoxanthum and Holcus, were not altered by scaling of the data (Table 4b ). Even when its low density of seed input was taken into account, Deschampsia remained the poorest colonist. However, scaling did alter the rankings for Rytidosperma. Seeds of Rytidosperma, the resident perennial species, fell at relatively low densities on gopher mounds, and produced few colonists relative to the resident annual, Vulpia, and the potentially invading perennials, Anthoxanthum and Holcus. However, the per-10 000 seeds colonization success of Rytidosperma did not differ significantly from Anthoxanthum and Holcus in number of survivors or leaf area per quadrat. Finally, colonization was not significantly correlated with mound area for any species, for any measure of colonization success.
Effects of wild grazers At the end of the first growing season after placement of exclusion cages in the annualdominated vegetation, there was no significant difference in total aboveground biomass between caged and uncaged quadrats (Table 5) . Similarly, in the Anthoxanthumdominated vegetation, above-ground biomass at the end of the growing season was not significantly different between caged (mean=261 g 0 25 m-2, S.E. =21) and uncaged quadrats (mean=262 g 0-25 m2, S.E.=22). Colonization by Anthoxanthum in the annual-dominated vegetation (numbers of recruits, leaf area per quadrat and seed production) did not differ significantly inside and outside the exclosures (Table 5 ). In the Anthoxanthum-dominated vegetation, total leaf area of Anthoxanthum recruits in the caged quadrats (mean = 6 cm2 0 25 m-2, S.E. = 3) did not differ significantly (t-test) from that in the uncaged quadrats (mean =8 cm2 0 25 cm-2, S.E. = 4). Because seed input density did not differ between treatments in either the annual or the Anthoxanthumdominated vegetation, the colonization success data were not scaled by seed density for the analyses. Although above-ground biomass and Anthoxanthum colonization were not affected, other influences of grazers were apparent. Early in the first growing season after placement of the cages, annual seedlings were slightly taller where grazers were excluded (caged quadrats, without introductions) than where they were allowed access (uncaged controls). Also, the percentage cover of forbs (principally Plantago lanceolata and Rumex acetosa) increased significantly in the exclosures (paired t-test, arcsin transformed data, t = 5 24, d.f. = 2, P < 0 05) over two years, but declined in the controls (paired t-test, arcsin transformed data, t=5 17, d.f.=2, P<0005). Furthermore, there was no significant difference in forb cover between controls and exclosures before exclusion of grazers, while after two years of exclusion, the percentage cover of forbs was significantly higher in the exclosures (Table 5) .
Clipping experiments In Anthoxanthum-dominated vegetation with Rytidosperma understorey, Rytidosperma reproduction increased significantly, from zero in 1980 (before clipping) to a mean of nine seed heads 0 25 m-2 in 1981 (t= 36, d.f.=4, P<0 05). In contrast, the mean number of seed heads of Anthoxanthum declined significantly from 299 to 5 (t= 18 6, d.f. = 4, P < 0 001) in the same quadrats over the same period. Rytidosperma reproduction also increased in the annual vegetation, from a mean of 35 to a mean of 86 seed heads 0-25 m-2 after clipping (t=32, d.f.=4, P<005). In unmanipulated vegetation, neither species changed significantly in seed head production over this period (Peart 1989a) . In all perennial-dominated patches, seed head production of the resident species was scored qualitatively as much less in the year following clipping than in surrounding, unclipped vegetation, while in all annual-dominated patches, seed head production for Rytidosperma was ranked higher in the clipped than in the unclipped quadrats.
Effects of vegetation and disturbances on light transmission
Intensity of photosynthetically active radiation (PAR) ranged over more than four orders of magnitude when compared among the microsite types encountered by seeds and seedlings (Fig. 1) . Under the canopy in typical perennial-dominated vegetation, PAR was less than 01 % of ambient. However, under Rytidosperma canopies, where the surrounding vegetation consisted mainly of annuals, light intensity was greater (up to 1 % of ambient) than in perennial-dominated vegetation. Annual vegetation allowed up to 15% of ambient PAR to pass through to ground level. In canopy gaps, light penetration was variable on a small spatial scale, but was always greater than PAR under intact perennial canopies, and ranged up to 70% of ambient. Gopher mounds received close to ambient levels of PAR.
DISCUSSION
Canopy-gap experiment
In both the canopy-gap and the gopher-mound experiments, the absolute magnitude of disturbance effects was determined by comparing colonization in disturbed sites with results from corresponding treatments in similar experiments (Peart 1989b) , which tested colonization success in undisturbed sites. Because colonization success in undisturbed perennial canopies was close to zero, except in unusually low-biomass vegetation, canopy gaps are probably required for changes in species dominance in most perennialdominated vegetation. The canopy-gap experiment produced some striking results that were not predictable from the colonization experiments in intact canopies. The two species that colonized well in gaps, Anthoxanthum and Holcus, were also the best colonizers in intact canopies. However, these species differed in their patterns of colonization success, showing strong species-specific responses to the vegetation type in which gaps occurred. When the canopy was undisturbed, both species colonized best in annual-dominated vegetation, but when canopy gaps were created, both had greatest colonization success in perennial-dominated vegetation. Furthermore, Anthoxanthum and Holcus diP -7ed greatly in their response to the different perennial vegetation types. The highest leat area per quadrat of Anthoxanthum colonists was in Deschampsia gaps: 400 times greatLr than in unbroken Deschampsia canopies. Anthoxanthum was an effective colonist in Holcus and Anthoxanthum gaps, too, but the leaf area per quadrat of colonists in these gaps was only about 10% of that in Deschampsia gaps. In contrast, Holcus colonized best in Anthoxanthum gaps, attaining a leaf area per quadrat 2500 times higher than in continuous Anthoxanthum canopy. In Anthoxanthum gaps, Holcus colonists produced an abundant seed crop in the first and second years, and reached 100% cover after two years. This seed crop was equivalent, on a per-unit area basis, to that produced in a Holcus-dominated patch (Peart 1989a) , demonstrating that new patches can be formed quickly as a result of colonization in gaps. Holcus colonized Holcus gaps very poorly by comparison; leaf area per quadrat was < 1%'O of that of Holcus colonists in Anthoxanthum gaps.
It is difficult to explain such large differences in the colonization success of a species, among the perennial-dominated patch types, in terms of physical differences in the microsites. Soil nutrients and moisture were similar among perennial-dominated patch types (D. R. Peart, unpublished data), and there were no clear differences in the physical structure of the gaps. Chemical interactions affecting growth or germination are possible, but available data do not support this explanation. Newman & Rovira (1975) examined chemical interactions between Anthoxanthum and Holcus, and found only mild, allotoxic effects on growth, whereas in the canopy-gap experiment, Holcus colonized Anthoxanthum gaps much better than Holcus gaps. The aboveground biomass of vegetation was similar among the perennial-dominated patch types (Peart 1989a) , so if resource competition due to surrounding vegetation was responsible for differences in colonization success among patch types, the species dominating the vegetation must have very different competitive effects. Whatever the mechanism, the species-specific effects of vegetation on colonization in the canopy-gap experiment differ markedly from the pattern found in undisturbed canopies, where colonization success in the different patch types was predictable from aboveground biomass alone (Peart 1989b) .
Because of the great difference between colonization success in canopy gaps and under unbroken canopies, colonization success must be sensitive to gap size, at least over some size ranges up to the sizes of gaps used in the experiment. However, there was no consistent tendency for colonization success to be low in Anthoxanthum gaps (where herbicide-treated plants had the lowest basal diameter, and lower foliage diameter than in Holcus and Deschampsia gaps) or in Rytidosperma gaps (where foliage diameter was less than in Holcus and Deschampsia gaps). Differences among species in the size of herbicidetreated plants were not large (Table 2) , and any effects of these differences were apparently overridden by the species-specific effects described above. Experiments addressing the effects of gap size, by including a wider range of gap sizes, would be needed to identify the threshold conditions that produce the quite dramatic responses of Anthoxanthum and Holcus to gaps.
Gopher-mound experiment
In the annual-dominated vegetation, the best colonizers of mounds, as in the canopy gaps, were generally the species that colonized best in the undisturbed vegetation. Vulpia, seeding from the surrounding vegetation, produced seed crops on the mounds that were similar, per-unit area, to the mean seed rain of Vulpia in annual patches, as measured by Peart (1989a) . A more surprising result was that mounds can act to increase the rate of invasion of annual patches by the perennial, Anthoxanthum. Anthoxanthum demonstrated its ability to achieve and maintain dominance on mounds. Anthoxanthum recruits produced a leaf area per quadrat ten times higher than in undisturbed sites, and increased in cover and seed production in the second year of growth. This increase occurred even though the density of annual recruits (including Vulpia) was higher than that of Anthoxanthum on the mounds where Anthoxanthum seeds were introduced (D. R. Peart, unpublished data). It is unlikely that gopher disturbance could substantially reduce the abundance of perennials that had already colonized in annual patches, by mechanical injury or burial, for two reasons: first, the small proportion of space (2-5%) currently occupied by mounds implies long intervals between mound formation at any given spot, allowing time for perennial colonists to grow and, second, gophers tend to avoid areas of high perennial cover.
Holcus, in spite of high colonization success in the first year, persisted poorly on mounds, contrasting with Anthoxanthum, and functioning ecologically almost as an annual. Holcus was a poorer colonist on mounds than the true annual, Vulpia, producing many fewer seeds. Such differences between first-and second-year colonization success illustrate the value of extending colonization studies over more than one growing season, to assess the ecological significance of early establishment better. The scaling of colonization success, according to seed input densities, substantially altered the interpretation of only one result from all the introduction experiments. This was the colonization of gopher mounds by Rytidosperma. Although its seed-rain density and colonization success were low, the leaf area per quadrat of Rytidosperma on mounds was 200 times higher than in undisturbed annual patch vegetation, and per-seed survival was comparable to that of Anthoxanthum and Holcus. Gopher disturbance may, therefore, be important in maintaining Rytidosperma in the annual patch vegetation.
Over the range of mound sizes used, which appeared representative of mounds in other annual patches, there was no relationship between mound size and colonization success. McConnaughy & Bazzaz (1987) found that small-seeded species colonized better in large than in small artifical soil disturbances, but they used a wider range of gap sizes (5-40 cm diameter) than in the present study.
Grazer-exclusion and clipping experiments
As expected, biomass of vegetation was not influenced by grazing in Anthoxanthumdominated vegetation. More surprising was the lack of evidence for any impact by grazers on above-ground biomass development in annual-dominated vegetation; compensatory growth must replace biomass lost to grazing. Furthermore, no evidence was found for effects of wild grazers on colonization by Anthoxanthum. From the results of the canopygap and gopher-mound experiments, and the experiments in undisturbed canopies (Peart 1989b) , it was clear that Anthoxanthum is the most important potential invader of annualdominated vegetation. Plants of all five species were examined closely in scoring the results in all experiments, and damage to foliage, although not quantified, was neither common nor extensive. Therefore, although the tests for grazer impact on colonization were far from exhaustive, it is unlikely that wild grazers strongly influence colonization by the species studied. However, grazer preferences may have been responsible for the increase in cover of forbs in the exclosures. Batzli & Pitelka (1970) , in a California grassland dominated by different species (predominantly annuals), found significant effects of grazers on the relative abundances of food and non-food plants in similar exclosure experiments.
The clipping experiment demonstrated that all perennial species were negatively affected in the year following removal of aboveground biomass, except for Rytidosperma, which responded positively, whether it was in the canopy or suppressed in the understorey. The suppressed understorey, persisting in very low light conditions under dense perennial canopy, is unlikely to have resulted from colonization under that canopy (Peart 1 989b), or even in canopy gaps (this study), and is more plausibly explained by the overtopping of Rytidosperma by other perennials with a taller growth habit. By surviving in the understorey, Rytidosperma has a mode of persistence that is unique among the dominants in this community. If the grassland were again subjected to heavy grazing, the suppressed understorey could be released to the canopy.
Implications for successional change
Although it was not possible to include in the experiments all combinations of species introduced, vegetation type and disturbance type, the experimental results have strong implications for the changes in species dominance that are likely to occur under present conditions. Rather than preventing invasion by perennial species, natural disturbances in annual patches actually increased the colonization success of Anthoxanthum and Holcus, the only exception being the inability of Holcus to persist on gopher mounds. Thus, disturbances in annual-dominated vegetation should favour a change in dominance from annuals to perennials, principally Anthoxanthum.
Overall, although canopy gaps accounted for at most a few percent of the area in the patches, there is a clear potential for a rapid change of dominance to Anthoxanthum or Holcus in microsites where canopy gaps occur, and seeds of these species are available to colonize. Because Anthoxanthum and Holcus were the species best able to exploit openings in the canopy in perennial-dominated patches, the outcome of interactions between these species, in terms of changes in absolute and relative cover, becomes important in predicting the dynamics of successional change. Because Anthoxanthum is at present the most abundant species, its seeds are widely available and they are effective at colonizing both Holcus and Anthoxanthum gaps. Holcus is much less abundant than Anthoxanthum (Foin & Hektner 1986) , and colonized Holcus gaps poorly. However, Holcus was extremely effective at colonizing Anthoxanthum gaps, and is a relatively good disperser (see below). Because this interaction between Anthoxanthum and Holcus populations is rather complex, a spatial simulation model of gap formation, dispersal and colonization would be needed to predict its outcome.
Deschampsia, the only native species amongst the dominants, was a poor colonizer under all conditions, and the results of the experiments imply that it will decline in abundance as individuals in the canopy die and are replaced by Anthoxanthum, which is abundant around the borders of Deschampsia patches. The results of Holcus introductions into Rytidosperma and Anthoxanthum canopy gaps suggest that Holcus may also colonize well in Deschampsia gaps, but this was not tested. Elliot & Wehausen (1974) , working in another California coastal grassland, found higher cover of Deschampsia in a plot protected from grazing for six years than in another unprotected control plot. However, the prior composition of the vegetation in the two areas was not known. The experiments reported here provide no evidence that the removal of domestic grazers will favour an increase in the abundance of Deschampsia.
Rytidosperma generally colonized poorly relative to Anthoxanthum and Holcus, both in disturbed sites (this study) and in undisturbed sites (Peart 1989b) . Although Rytidosperma colonization of gopher mounds compared well with that of Anthoxanthum and Holcus when seed input density was taken into account, the sparse seed rain of Rytidosperma would place it at a disadvantage, relative to those species, in the colonization of mounds near the borders of the annual patches. Thus, Rytidosperma is likely to decline in abundance. Although the annual, Vulpia, colonized Anthoxanthum gaps, its colonization success in the first year probably has little ecological significance, because the introduced population could not persist. This is not surprising, because persistence beyond the first year would require recruiting in the perennial-dominated canopy in the second year, after perennials had reduced the gap by colonization and vegetative ingrowth.
Clearly the ability of seeds to reach disturbed sites, as well as colonizing ability, is important in assessing the role of disturbances in the dynamics of the community. Few seeds of any species are dispersed beyond 4 m, but species differ in dispersal ability, in the order Holcus> Deschampsia> Anthoxanthum Rytidosperma> Vulpia, where > indicates greater dispersal and % indicates no significant difference (Peart 1982) . However, the rankings of dispersal ability and colonization ability do not correspond. Thus Holcus is a relatively good colonizer of disturbed sites, and the best disperser, but Deschampsia, although a good disperser, is too poor a colonizer to exploit the sites reached by its seeds. Anthoxanthum colonization, although effective, is more restricted to sites near parent plants than is colonization by Holcus. For Vulpia, both dispersal and colonizable sites are mostly limited to the present distribution of the species in the annual patches.
Per-seed colonization success, obtained by scaling the results according to the densities of seed input, was probably overestimated for the most effective colonizers, because of the likelihood of density-dependent interactions among colonists. This was in contrast to the situation in undisturbed canopies (Peart 1989b) , where density-dependence could be discounted. However, scaling was useful for analysis, because analyses on scaled data were conservative, in the sense that bias caused by density-dependence made it more difficult to establish differences among species in per-seed colonizing ability. The analyses on scaled data showed that the species with the highest natural densities of seed rain were also the species with the greatest per-seed colonizing ability in disturbed sites. That the most effective colonizers of disturbed sites were dominant canopy species, contrasts with results from some other communities. For example, Platt (1975) documented the colonization success of fugitive species on badger mounds in a prairie community. However, a detailed study of the less abundant species was not made here, and it is possible that gopher mounds determine the relative abundances and spatial patterning of annual grasses and forbs within annual patches, as found in an annual grassland by Hobbs & Mooney (1985) .
Patterns in colonization success
What, then, were the species and microsite characteristics associated with colonization success? The physical effects of disturbances on microsites were assessed only for light, which is likely to be a major factor limiting colonization in a mostly closed canopy. Light intensity in disturbed and undisturbed microsites (Fig. 1 ) corresponded well with colonization success for most species in most introductions. However, light intensity alone cannot explain why Anthoxanthum and Holcus colonized better in some canopy gaps than on gopher mounds (light intensity was greater on the mounds), nor the greater ability of Holcus to colonize canopy gaps in Anthoxanthum than in Holcus patches (where light penetration was similar).
Seed weight has been found to correlate with germination or establishment success in some studies, both among species (e.g. Gross 1984 ) and within species (e.g. Wulff 1986 ). Mean seed (diaspore) weights of the species in this study were (in mg) Deschampsia 0 290, Holcus 0 318, Anthoxanthum 0 523, Rytidosperma 1 079 and Vulpia 1-429 (Peart 1989b) . The relationship between seed weight and colonization success among species was tested in the gopher-mound experiment, and also in canopy gaps in the Anthoxanthumdominated vegetation, the patch type where all species were introduced in the same year in the canopy-gap experiment. The size of surviving perennial colonists after one year was not significantly correlated with seed weight in either experiment. Any initial advantage of extra seed reserves was apparently overridden by species differences in growth rates in the disturbed sites. Nor was survivorship (the number of survivors per 10 000 seeds, evaluated for all species, including Vulpia) significantly correlated with seed weight in the canopy-gap experiment. On gopher mounds, however, seed weight was positively and significantly correlated with survivorship (r2 = 0 85, P < 0 05), in spite of the small sample size of five species. Larger seeds may have more of an advantage in the drier soil of the mounds than in the undisturbed soil of the canopy gaps. These results differ from those of Goldberg (1987) , who found no relationship between seed weight and survivorship among species in artificial disturbances in an old-field community.
Compared to undisturbed canopies, canopy gaps increased the colonization success of species from six to 2500 times. A measure of the inhibition exerted by an individual canopy plant is the increase in colonization success of an introduced species when that resident is killed. The great increases in colonization success which resulted when resident canopy individuals were killed show that inhibition (sensu Connell & Slatyer 1977) is the rule in this community. Soil disturbance by gophers had less dramatic, but strong effects, increasing colonization success in annual patches by a factor of 10-200. It was clear that the seeds and seedlings of some species had greater intrinsic colonizing ability in disturbed sites than those of other species. The results show that colonization success for the species examined can be predicted, but that to do so it is necessary to specify the species of colonist, the vegetation type and the type of microsite reached by the seeds.
